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Abstract: A range of new 2D materials have recently been 
reported, including topological insulators, transition-
metal dichalcogenides, black phosphorus, MXenes, and 
metal-organic frameworks, which have demonstrated 
high optical nonlinearity and Pauli blocking for wide-
spread use as saturable absorbers in pulsed lasers. 2D 
materials are emerging as a promising platform for ultra-
short-pulse fiber laser technology. This review presents 
a catalog of the various pulsed laser applications based 
on the series of emerging 2D materials. In addition, novel 
optical devices using layered materials, such as optical 
modulators, optical switches, and all-optical devices, are 
also included. It is anticipated that the development of 2D 
materials will intensify in the future, providing potentially 
new and wide-ranging efficacy for 2D materials in ultra-
fast photonic technology.
Keywords: 2D materials; saturable absorber; nonlinear 
optics; laser.
1   Introduction
Over the last few decades, interdisciplinary research 
involving materials has become ubiquitous in this subject 
area, reflecting the trend evident throughout the scien-
tific community. Researchers have come to realize that 
this model of research has grown in prominence and is 
currently driving advances in many disciplines [1]. For 
example, the discovery of a layered material, graphene 
(synthesized by Geim and Novoselov in 2004), aroused 
worldwide upsurge in graphene research in various fields 
because of its rich physical properties [2, 3]. Moreover, gra-
phene is like a material “magic key”, which has opened 
the doors to a class of novel layered materials with unique 
photonic and optoelectronic properties [4–7]. In the past 
decade, graphene has not only been involved in signifi-
cant research breakthroughs in many fields [3, 8–14] but 
also led to the emergence of many graphene-like materials 
including topological insulators (TIs) [15–22], transition-
metal dichalcogenides (TMDs) [23–28], black phosphorus 
(BP) [29–36], MXenes [37–41], and metal-organic frame-
works (MOFs) [42, 43]. These novel 2D materials, as shown 
in Figure 1, have been discovered and developed with 
astonishing speed, thus greatly enriching the graphene-
like material family.
Nonlinear photonics represents a field that has ben-
efited immensely from the recent emergence of 2D layered 
materials because of their potentially excellent nonlin-
ear optical properties [2, 10, 12, 17, 29, 44–66]. Addition-
ally, there is a significant practical need for discovering 
suitable 2D materials for enhancing the performance of 
existing nonlinear photonics-based devices. For example, 
grapheme has been used as part of a pulse-shaping device 
because of its excellent saturable absorption characteris-
tics [9, 11–14]. This important discovery was made indepen-
dently by several different research groups, which widely 
indicated that grapheme could be used to demonstrate 
ultrafast fiber lasers. It laid the foundation for graphene’s 
important role in ultrafast photonics research. On this 
basis, a large body of scientific research exists, and many 
new materials have been discovered and widely used in 
lasers, which have become a research hotspot in the field of 
ultrafast photonics [20, 33, 39, 67–69]. Since the discovery 
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of graphene, laser performance has greatly improved, and 
consequently laser research has rapidly advanced.
Novel optical devices based on layered materials, 
including optical modulators and optical switches, have 
also developed rapidly [70]. For example, an excellent 
optical modulator based on the evanescent field inter-
action between graphene and tapered microfibers has 
been demonstrated [71]. Recently, researchers not only 
achieved antimonene-based optical modulators but 
also demonstrated an actively Q-switched laser using 
the same antimonene-based all-optical modulator [72]. 
These wide applications of layered 2D materials have 
therefore become a true hotspot of activity in nonlinear 
photonics. A cascade of research results resulting from 
this significant work is also driving the rapid develop-
ment of optical devices based on nonlinear phenomena, 
in general. However, a comprehensive summary of rel-
evant studies is lacking in the literature. In this article, 
we therefore review the latest research on nonlinear 
photonics based on various layered materials, with par-
ticular emphasis on their fabrication methods, optical 
properties, and applications in ultrafast lasers and 
other nonlinear optical devices. The scientific achieve-
ments resulting from these studies are summarized in 
order to explore possible future developments of layered 
materials.
In this review, Section 1 provides a brief introduc-
tion to 2D materials. Section 2 deals with the fabrication 
methods, nonlinear optical properties, and integration 
strategies of saturable absorbers (SAs) based on layered 
2D materials. Section 3 gives a brief review of laser appli-
cations based on the 2D materials, mainly including solid-
state lasers (Section  3.1) and fiber lasers (Section 3.2). 
Lasers are not the only devices that benefit from the use 
of 2D materials; in Section 4, a series of other photonics 
devices are considered, including optical switches, optical 
modulators, and polarizers. Finally, a comprehensive con-
clusion and outlook are included.
2   Fabrication and nonlinear optical 
properties of the layered 2D 
materials
It is widely recognized that the preparation and physical 
properties of layered 2D materials have a huge influence 
on their optical properties. In this section, a brief intro-
duction to the fabrication methods of layered 2D materials 
and their nonlinear optical properties is presented.
2.1   Fabrication methods
Layered 2D material fabrication methods can be broadly 
separated into two approaches: top-down exfoliation, and 
bottom-up growth, which are both shown in Figure  2A 
[73]. Specifically, top-down exfoliation mainly includes 
mechanical exfoliation, laser thinning, and solution-
processing. Bottom-up growth mainly includes chemical 
vapor deposition (CVD), molecular beam epitaxy, hydro-
thermal method, pulsed magnetron sputtering, pulse laser 
deposition, and vapor phase sulfurization [74]. Detailed 
fabrication methods are summarized in Figure 2B [74].
Typical mechanical exfoliation methods involve the 
use of a Scotch tape™ for repeatedly cleaving layers from 
bulk layered crystal materials. Mechanical exfoliation has 
been used to fabricate high-quality single-crystal flakes 
for widespread use [75–80]. It was first used in the discov-
ery of graphene from graphite flakes by Geim and Novo-
selov in 2004 [44]. This method is easy to carry out, and 
the resulting exfoliated mono- or few-layer materials have 
high completeness and few defects, making them suit-
able for fundamental scientific research [80]. However, 
the scalability and yield of layered 2D materials fabricated 
using this method are very hard to control [80].
Solution processing takes advantage of the interaction 
between specific solvents and bulk materials to exfoliate 
them into mono- or few-layer materials under a solution 
environment [81, 82]. To circumvent the defect of the Scotch 
Figure 1: Schematic illustration of different kinds of typical ultrathin 
2D materials, such as graphene, TMDs, BP, metals, MXenes.
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tape method, chemical exfoliation methods have been 
explored, albeit combined with a preceding step involv-
ing mechanical shearing such as grinding or ball milling, 
which can help overcome the so-called inter-sheet van der 
Waals interaction to form single- to few-layered sheets [83]. 
Lithium ion intercalation exfoliation is a typical chemical 
exfoliation method that uses lithium ions as an intercalat-
ing agent to widen the layer separation in bulk materials; 
then, mechanical force is applied by stirring or ultrasoni-
cation to dissociate the 2D materials [84]. This method can 
afford high yields of 2D nanosheets. However, the materi-
als produced in this manner usually have deficiencies such 
as structure alteration, and postprocessing is sometimes 
required to improve the quality [80]. LPE (liquid-phase 
exfoliation) directly uses high-strength ultrasonication to 
generate micro bubbles, and the resulting forces within 
the materials cause a weakening of the van der Waals force 
between the layers; thus, LPE is a purely physical method. 
LPE provides a facile and low-cost method to produce large 
amounts of mono- and few-layer 2D materials, and no post-
processing is required as in chemical solution processing. 
For example, BP was first fabricated using LPE in 2015 [68], 
which resulted in an excellent nanosheet structure and a 
Z-scan curve. However, though monolayer nanosheets can 
be generated using LPE, their concentration compared to 
few-layer nanosheets is usually low [85].
In order to obtain defect-free, large-area sheets of 2D 
materials, CVD and wet chemical synthesis methods have 
been widely used. CVD has been used to produce high-qual-
ity, pristine, large-area, single-layer 2D nanosheets [86–90]. 
2D materials fabricated using CVD has significant benefits 
of scale control and high purity. However, the film growth 
is limited by the low nucleation rate on bare substrates, and 
pretreatment of the substrate is often necessary to seed the 
2D material’s growth, resulting in inefficiency [80]. Pulsed-
laser deposition (PLD) is a highly efficient method used to 
control the ratio of two different ions in the material film by 
controlling the evaporation rates of the two ions. Addition-
ally, the film fabricated using PLD is of high purity due to 
the fact that the ion target is placed in a vacuum chamber, 
thereby avoiding contamination from the environment 
[85]. Pulsed magnetron sputtering is similar to PLD in that 
it focuses high-energy pulses onto a block target kept at a 
fixed position inside a vacuum chamber. Ionized Ar ions 
excited by the pulsed DC power supply bombard the mate-
rial target, and the material gets deposited on the substrate. 
Materials fabricated using pulsed magnetron sputtering 
result in a uniform surface [91].
2.2   Nonlinear optical properties
In general, assuming an instantaneous dielectric response 
in an isotropic material, the relation between the induced 
polarization [P(t), scalar] and the applied electric field 
[E(t), scalar] is expressed by
 
(1) (2) 2 (3) 3
0( ) ( ( ) ( ) ( ) ),P t E t E t E tε χ χ χ= + + +  (1)
where ε0 is the permittivity of vacuum, χ(1) is the linear sus-
ceptibility, and χ(2) and χ(3) are the second- and third-order 
nonlinear susceptibilities, respectively [92–94].
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Figure 2: Schematic of the fabrication method of 2D materials.
(A) Two main approaches: top-down exfoliation and bottom up growth. (B) Detailed fabrication methods.
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The third-order nonlinearity χ(3) is responsible for 
third-harmonic generation, nonlinear refractive index 
change (nonlinear Kerr effect), and nonlinear absorption 
change (saturable absorption and multiphoton absorp-
tion). Generally, multiphoton absorption includes two-
photon absorption (TPA), and χ(3) is responsible for this. 
According to Eq. (1), the imaginary part corresponds to the 
decay of an exponential (Beer-Lambert law), where the 
exponential is a negative real number (absorption is posi-
tive). χ(3) represents a third-order nonlinear phenomenon, 
which includes TPA. Furthermore, in TPA, the imaginary 
part of the susceptibility represents the absorption of two 
photons.
The nonlinearity represented by χ(3) has been shown 
to be very large in graphene and other 2D materials [95, 
96]. The changes of refractive index and optical absorp-
tion are dependent on the incident optical intensity, and 
the complex refractive index n can be expressed as [93–95]
 
0 2 0 2( ),4
n n n I i Iλ α α
pi
= + − +  (2)
Where I is the optical intensity, n0 is the linear part, n2 
is the nonlinear refractive index (Kerr coefficient), and α2 
is the nonlinear absorption coefficient. Both n2 and α2 are 
interrelated with the real and complex part of Eq. (3) as
 0 0
(3) (3)
2 22 2 2
0 0
1 3 3Re( ), Im( ).
4 2
n
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ω
χ α χ
ε ε
−
= =  (3)
It should be noted that the changes in optical absorp-
tion will have a strong effect on the refractive index for 
wavelengths near the absorption edge because of the 
Kramers-Kronig relation [94].
Saturable absorption is a phenomenon related to the 
imaginary part of χ(3) as expressed in Eq. (3), where high-
intensity light “bleaches” the material and reduces the 
optical absorption, which can be expressed as
 
0 ,
1 SI I
α
α =
+
 (4)
where α0 is the linear absorption coefficient, and IS is 
the saturation intensity [94]. In the linear regime, where 
the incident optical intensity is relatively weak, the SA 
absorbs the incident light, resulting in the attenuation 
of light. When the incident optical intensity is high, the 
lower energy states are depleted, whereas the upper 
energy states are filled; thus, the saturation of absorp-
tion occurs, resulting in decreasing attenuation. Note that 
Eq. (4) can be approximated as α ≈ α0 – α0 + I/IS for small 
values of I. The normalized intensity is defined as I/IS, and 
the normalized absorption is defined as 0(1 e ) /(1 e )ll αα −−− −  
since the nonabsorbed light after transmission through a 
sample of thickness l is e−αl I and α0l = 0.1. The saturation 
intensity IS is given by the absorption cross-section σ and 
the recovery time τ as
 
,SS
EI ω
στ τ
= =

 (5)
where ω is the optical angular frequency, and ES is the 
saturation fluence [94, 97].
Saturable absorption is a universal phenomenon in 
any material that exhibits optical absorption due to the 
electronic transition between two energy levels. However, 
it is uncommon to find an SA with a fast recovery time 
suitable for generating ultrashort pulses at time scales of 
a few picoseconds to a few hundred femtoseconds. Gra-
phene and some novel 2D materials such as TIs, TMDs, 
and MXene have inherently fast SA responses.
It should be noted that these materials may have the 
opposite effect on saturable absorption, namely reverse 
saturable absorption or optical limiting. The main cause 
of reverse saturable absorption is multiphoton absorp-
tion, such as TPA. Saturable absorption and reverse satu-
rable absorption can coexist; in this case, Eq. (4) becomes
 
0 ,
1 S
I
I I
α
α β= +
+
 (6)
where β is the TPA coefficient [98].
Under the guidance of the above theory, researchers 
began to explore experimentally the nonlinear optical 
properties of layered materials. Z-scan measurement is 
a common method for studying nonlinear optical pro-
cesses, including saturable absorption, multiphoton 
absorption, reverse saturable absorption, and the Kerr 
effect [94]. Using this method, the nonlinear optical coef-
ficients of many layered materials have been obtained, 
as illustrated in Table 1. It can be seen that 2D materials 
normally have great optical nonlinearity. Compared to 
graphene, TMDs, BP, and MXenes have larger nonlinear-
ity, which has resulted in their becoming the most popular 
2D materials following their discovery. For 2D materials, 
saturable absorption is usually believed to arise from 
Pauli blocking. Notably, the saturable absorption of 2D 
material-based absorbers beyond their direct bandgap, 
i.e. sub-bandgap absorption, can also occur, which is due 
to the defects, TPA, and the absorption of edge modes.
Geim and Novoselov were awarded the Nobel Prize in 
2010 for their success in making graphene. The third-order 
nonlinearity of graphene was initially studied in 2009, which 
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indicated that scientific research is usually forward-looking 
and timely [107–109]. For example, researchers used Z-scan 
technology and pump-probe spectroscopy to study saturable 
absorption and carrier dynamics in graphene suspensions; 
the results of this work are shown in Figure 3A, B [11]. Mean-
while, another group of researchers studied the parametric 
process of few-layer graphene by four-wave mixing (FWM) 
[108]. They found that graphene has a very large third-order 
index and is basically nondispersive over some wavelength 
ranges. These studies were considered groundbreaking, and 
the results have greatly advanced nonlinear optics based on 
graphene and graphene-like materials.
On the basis of the success of the graphene study, 
researchers shortly discovered another important group 
of layered 2D nanomaterials called topological insulators 
(TIs). In 2012, different researchers found that the Bi2Te3 [15] 
and Bi2Se3 [16], two typical TIs, exhibited optical nonlinear-
ity and  saturable absorption, as shown in Figure 3C–F. An 
ultrafast pulsed fiber laser was also demonstrated based 
on the nonlinearity of TIs, which was in keeping with the 
expectations for the application of TI material properties. 
Since then, a large body of significant results on the optical 
properties and the applications of TI has emerged [100, 
101, 110–113]. These studies show that TIs not only exhibit 
saturable absorption characteristics but also have a very 
large nonlinear refractive index, suggesting that they have 
great application potential in pulse-shaping and optical 
modulation.
With the development in graphene-like materials, 
layered TMDs, another group of layered 2D materials, have 
been widely studied. TMDs have a very typical sandwich-
like atomic structure. Thus, the formula of TMDs can be 
expressed as MX2 (M=Mo, W, Ti, Re, etc.; X=S, Se, Te, etc.). 
The TMD family has more than 40  members, as summa-
rized in a previous report [114]. Because of the specific 2D 
confinement of electronic motion and the absence of inter-
layer coupling, layered TMDs possess a direct bandgap, 
making their nonlinear optical performance dramati-
cally better than that of their bulk counterparts [114]. For 
example, researchers fabricated an MoS2 nanoflake array 
film on glass substrates using an in situ growth method 
[102]. The nonlinear absorption (NLA) properties of the 
Figure 3: Nonlinear optical properties of graphene and TIs.
(A,B) Graphene. (A) Transient differential transmission spectra for graphene suspensions as a function of probe delay in the degenerate pump-
probe experiment at 790 nm (1.57 eV). (B) Open aperture Z-scan data of the graphene suspensions. Reproduced with permission from Ref. [11]. 
Copyright 2009, American Institute of Physics. (C,D) Bi2Te3. (C) Typical Z-scan peak curve of Bi2Te3 at 1550 nm. Inset: Z-scan experimental setup. 
(D) The corresponding nonlinear saturable absorption curve. Reproduced with permission from Ref. [15]. Copyright 2012, American Institute 
of Physics. (E,F) Bi2Se3. (E) Typical Z-scan peak curve of Bi2Se3 at 1550 nm. Inset: Z-scan experimental setup. (F) The corresponding nonlinear 
saturable absorption curve. Reproduced with permission from Ref. [16]. Copyright 2012, American Institute of Physics.
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MoS2 nanoflake array films were investigated using an 
open-aperture Z-scan technique. The results are shown in 
Figure 4A–D, which indicate that MoS2 exhibits excellent 
optical nonlinearity. Researchers predicted that the MoS2 
nanoflake can be used in optical devices such as ultrafast 
lasers and ultrafast optical switches owing to its good NLA 
properties and fast response. Furthermore, the MoS2 nano-
flake was shown to exhibit better saturable absorption than 
graphene measured under the same conditions by another 
group [25, 115–119]. Subsequently, WS2 also proved to have 
saturable absorption properties, which is shown in Figure 
4E–H [25]. In recent years, research of TMDs has become the 
focus of many fields including photonic devices, sensing, 
communications, etc. Many more TMDs including WSe2 
[103, 120], SnS2 [121, 122], SnSe2 [123], ReS2 [124, 125], WTe2 
[91, 126, 127], and TiS2 [128, 129] have also been extensively 
studied. These explorations have laid a solid foundation for 
their applications in nonlinear photonics.
BP is another material that has attracted much atten-
tion recently. It has been found that BP has a singular direct 
bandgap, which varies between 2 eV (single layer) and 
0.3 eV (bulk) with the number of layers, and lies between 
the zero-bandgap graphene and relatively large bandgap 
TMDs, thus potentially overcoming the shortcomings of 
these 2D materials in the field of photonics [74, 130–132]. 
In 2015, researchers discovered the broadband nonlinear 
optical response of multilayer BP, as shown in Figure  5 
[133]. Subsequently, this optical property was confirmed 
by other research groups [132, 134–138]. Overall, BP has 
very broad applications such as active and passive optical 
devices, especially in near-infrared and mid-infrared pho-
tonic systems. Additionally, BP quantum dots (BPQDs) 
were also investigated in 2016 [123]. BPQDs exhibit excel-
lent nonlinear optical response with a modulation depth of 
about 36% and a saturable intensity of about 3.3 GW/cm2. 
By using BPQDs as an optical SA, an ultrashort pulse with a 
pulse duration of about 1.08 ps centered at a wavelength of 
1567.5 nm was generated in a mode-locked fiber laser.
Figure 5E shows the saturable absorption of 2D mate-
rials in detail, with a brief introduction included. When 
photons of the correct energy are incident on the material, 
electrons from the valence band (red) are excited to the 
conduction band (yellow). In the strong excitation state, 
the ground-state ions are depleted, and the excited state 
is fully occupied, and hence the absorption reaches satu-
ration. Owing to this Pauli blocking process, it is impos-
sible to have two identical electrons filling the same state, 
leading to the bleaching of light absorption. This is the 
common process of saturated absorption for 2D materials.
In 2017, another novel 2D nanomaterial, MXene, was 
studied, opening a new avenue of research. MXene has 
attracted considerable attention because of its graphene-
like but highly tunable and tailorable electronic/optical 
properties [37, 106, 139, 140]. The general formula of 
MXene is Mn+1XnTx, where M is an early transition metal, X 
is C and/or N, T is the surface terminations (F, O, or OH), 
and n = 1, 2, or 3. Researchers found that a typical MXene 
has efficient SA with negligible lossy nonlinear absorption 
Figure 4: Nonlinear optical properties of MoS2 and WS2.
(A–D) MoS2. (A) Photographs of the quartz/MoS2 film and quartz glass substrate. (B) and (C) The OA Z-scan curves of the quartz/MoS2 film. 
(D) The OA Z-scan curves of the quartz film. Reproduced with permission from Ref. [102]. Copyright 2014, The Royal Society of Chemistry. 
(E–H) WS2. (E) Photographs of 8–10 L WS2 film. (F) Raman spectra of the WS2. (G) Z-scan results at 800 nm (40 fs). (H) Z-scan results at 
515 nm (340 fs). Reproduced with permission from Ref. [25]. Copyright 2015, The American Chemical Society.
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components in the spectral range 800–1800 nm, which is 
indicated in a typical MXene, Ti3C2Tx, which was delib-
erately chosen as the investigation object to highlight 
broadband nonlinear optical response in the near-infra-
red region [106]. The corresponding results are shown in 
Figure 6. Researchers not only predicted that MXene could 
be used in an ultrafast fiber laser system as an SA but also 
successfully demonstrated the MXene-based pulsed fiber 
laser. The optical properties and applications of MXenes 
were subsequently confirmed by other research groups 
[37, 38]. Thus, MXenes also have huge application poten-
tial in broadband lasers and passive optical devices, espe-
cially in near-infrared and mid- infrared photonic systems.
In the above studies, an important issue is the for-
mation mechanism of saturable absorption of layered 
materials. It is found that most layered materials, such 
as graphene, TIs, and BP, have an energy-band structure 
of the symmetric Dirac-cone type. Physically, any elec-
tron can be excited into the conduction band when the 
intensity of incident light is larger than the bandgap of 
the layered material. Then, the distribution rapidly ther-
malizes and cools down to form a hot Fermi-Dirac distri-
bution. Through a dynamic process, electrons and holes 
recombine until the equilibrium distribution is restored. 
This describes the linear optical transition under low 
excitation intensity. However, as the light intensity 
increases to higher levels, the number of photocarriers 
increases instantaneously and fills the energy states near 
the edge of the conduction and valence bands, and the 
absorption is blocked owing to the Pauli blocking prin-
ciple. Eventually, photons at specific wavelengths can 
transmit through the layered materials without absorp-
tion. This mechanism plays a key role in pulse-shaping 
and has been widely used in pulsed lasers.
The fact that a material exhibits saturable absorption 
at specific wavelengths is a precondition for its applica-
tion in pulse-shaping devices. In the latter part of the 
next section, we describe how SAs in passively mode-
locked/Q-switched lasers have taken advantage of this 
mechanism. Different optical materials have different 
bandgaps, the bandgap being a key parameter in deter-
mining their suitability for operation in nonlinear optical 
devices. Sub-bandgap absorption, as opposed to conven-
tional saturable absorption, is also a common phenom-
enon in device applications, which may be attributed 
to material defects, TPA, or edge-mode absorption. In 
addition, unlike graphene, TMDs and BP have bandgaps 
that vary with the number of layers, and their absorption 
mechanism is more complex. These results indicate that 
the current understanding of the saturable absorption 
of layered materials is at an early stage and may need 
further investigations. Other optical properties, including 
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Figure 5: Nonlinear optical properties of few-layer BP.
(A) SEM image of BP. (B) and (C) Open aperture Z-scan measurements of BP NPs dispersions under different intensities at 400 and 800 nm. 
(D) Relation between normalized transmittance and input intensity for BP nanoparticle dispersions at 800 nm. (E) Schematic diagram of the 
saturable absorption in multilayer BP NPs. Reproduced with permission from Ref. [133]. Copyright 2015, Optical Society of America.
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third-harmonic generation [141], parametric processes 
[142], and stimulated Brillouin scattering [143], have also 
been explored, all of which promote the development of 
nonlinear optics based on layered materials.
2.3   Integration strategies of layered 2D 
materials-based SA
To satisfy the requirement for use in a laser cavity, it is 
necessary that the fabricated 2D materials be further pro-
cessed prior to being incorporated into the devices. There 
are many integration strategies that have been developed 
to “fit” the 2D materials into the laser cavity. These strate-
gies are normally different for different lasers and are used 
mainly in solid-state lasers and fiber lasers. For solid-state 
lasers, the interaction between the 2D material and the 
laser beam normally occurs in free space (at the surface 
of the material), which results in a relatively straightfor-
ward coupling [144–146]. In the case of fiber lasers, owing 
to their unique structure, the interaction between the 2D 
material and the laser beam reflects the fiber geometry, 
and therefore several special integration strategies have 
been developed. Figure 7 summarizes the integration sce-
narios that have been widely used [147].
The 2D materials are normally transferred onto a 
plain substrate (a gold mirror, CaF2 lens, or sapphire lens), 
which is normally used in solid-state lasers in any case, 
and shown in Figure 7A. The most common method for 
achieving this is CVD. The transfer process comprises 
a few steps including coating the polymer on the mate-
rial, removing the original substrate by chemical etching, 
transferring the 2D material-polymer thin film onto the 
target substrate, and removing the polymer by acetone. 
The fabricated SA device can operate on the basis of trans-
mission coupling or reflective coupling, depending on the 
laser cavity design and the substrate material [148–150].
As stated above, many integration strategies exist 
in the case of fiber lasers. The simple method involves 
embedding 2D materials in a polymer thin film, 
which may be poly(vinyl acrylate; PVA) [68, 151–154], 
poly(methyl methacrylate; PMMA) [155], or any other 
polymer. Generally, the SA film can be many tens of 
micrometers thick [68, 104, 151–154, 156–158]. It is worth 
noting that the fabricated material film can be cut into 
many tens of individual SA elements, and the SA element 
could be designed as a 1 × 1 cm2 square (normally about 
0.01 mm thick), which matches well with the small fiber 
core (~9 μm fiber core of a standard single-mode fiber). 
As shown in Figure 7B, the SA film can be sandwiched 
Figure 6: Nonlinear optical properties of few-layer MXene (Ti3C2Tx, (T=F, O, or OH)).
(A) Three atomic layers of MXene Ti3C2Tx. (B) Linear transmittance. (C) and (D) SEM images. (E) High-resolution TEM image. (E,F) Open 
aperture Z-scan characterization of MXene Ti3C2Tx at wavelengths 800, 1064, 1550, and 1800 nm. (J–M) Closed-aperture Z-scan 
characterization of MXene Ti3C2Tx at wavelengths 800, 1064, 1550, and 1800 nm. Reproduced with permission from Ref. [106]. Copyright 
2017, John Wiley and Sons.
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between two fiber connectors in the case of transmission 
coupling. Reflective coupling is normally achieved with 
the SA film sandwiched between a fiber connector and 
a mirror (Figure 7C). The integration strategies shown in 
Figure 7B and C are simple, stable, and robust against 
physical damage. However, the low thermal stability of 
the polymer thin film can introduce mechanical distor-
tion in the coupling and hence represents a potential 
source of interference. In the case of devices with high 
average output power or high peak power, this may 
result in the degradation of laser performance, possibly 
resulting in irreparable damage of the SA film [153, 155]. 
In order to avoid the adverse influence of the polymer 
layer, researchers have successfully transferred 2D mate-
rials directly onto the fiber end (Figure 7D), side-polished 
fiber (Figure 7E), or a tapered fiber (Figure 7F) using the 
CVD method. Optically driven deposition represents an 
alternative approach for SA deposition. In this case, the 
fiber is located in the dispersed optical field of the 2D 
material (e.g. prepared by LPE method) and external light 
is injected. The leaked light from the fiber attracts the 2D 
nanosheets and attaches them. This method can be used 
to deposit 2D materials on a fiber tip, a side-polished 
fiber, or a tapered fiber. By monitoring the instantaneous 
light intensity in the fiber, the deposition process can 
be accurately controlled to deposit the required amount 
of 2D material on the fiber. For 2D material transferred/
deposited on a side-polished or tapered fiber, only the 
evanescent field of the light beam in the fiber interacts 
with the material, which reduces the light intensity 
in the material and prevents it from suffering thermal 
damage. Additionally, side-polished fibers and tapered 
fibers provide a very long interaction length and there-
fore are preferred platforms in many experiments inves-
tigating optical nonlinearity [91]. The photonic crystal 
fiber (PCF) has also proved to be a novel platform for 
SA material integration [91]. By filling a 2D material into 
the hollow channels of a PCF, an SA can be formed, as 
shown in Figure 7G. This method provides a long interac-
tion length between the 2D material and the light beam. 
Moreover, the PCF method also allows a greater contact 
area between the 2D material and light. This PCF fab-
rication method also normally has a very high damage 
threshold, which is useful for achieving high power 
output. This method solves the vulnerability problem 
of 2D materials in a unique way. However, a clear defect 
still exists. The greatest problem is the relatively large 
coupling loss between the PCF and the standard optical 
fiber, which normally results in a significant loss in the 
laser cavity. Also, a PCF is generally more expensive than 
standard optical fiber, which means that devices based 
on this type of SAs potentially have a higher cost.
3   Pulsed lasers based on various 
layered 2D materials
3.1   Solid-state lasers
The world’s first laser was a solid-state laser [159]. Thus, 
solid-state lasers occupy a special position in the field of 
laser research. Generally, the active medium of a solid-
state laser consists of a glass or crystalline “host” mate-
rial, to which is added a “dopant” such as neodymium, 
chromium, erbium, thulium, or ytterbium. In order to 
achieve pulsed operation in a solid-state laser, a suitable 
SA is usually needed, which is the basis for the use of 
2D materials in solid-state lasers. In this section, a brief 
review of the applications of layered materials in mode-
locked and Q-switched solid-state lasers is provided.
3.1.1   Mode-locking operation
Mode locking is used to generate ultrashort pulses from 
lasers. An output coupler partially transmits a small frac-
tion of the laser pulse out of the laser resonator equally 
A
C
F G
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SA
SA SA
SA
SA
SA
SA
E
B
Figure 7: Incorporation schemes for 2D material saturable 
absorbers.
(A) Transferring SA onto the substrate for free-space coupling, and 
sandwiching the thin-film SA between (B) two fiber connectors and 
(C) a fiber connector and a mirror. Transferring or depositing SA on 
(D) fiber end, (E) side-polished fiber, and (F) tapered fiber. (G) Filling 
SA into a photonic crystal fiber.
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Table 2: Summary of mode-locked solid-state lasers based on layered 2D materials.
Layered 2D 
material
  Method   Gain medium   Central 
wavelength (nm)
  Rep. rate 
(MHz)
  Pulse 
width (ps)
  Pulse 
energy (nJ)
  Output 
power (mW)
  References
Graphene   SAM   Nd:YVO4   531.7   71.4   0.374  1.6  117  [160]
    Alexandrite   740   5.56   0.065  1.4  /  [161]
    Ti:sapphire   800   99.4   0.063  480  /  [162]
    Yb:KGW   1031   86   0.428  5.9  504  [163]
    Nd:YAG   1064   88   4  /  100  [164]
    Nd:GdVO4   1065   43   16  8.4  360  [165]
    Nd:YAG   1064   112   15.6  18  2  [166]
    Yb:CYAlO4   1068   113/5   0.032  /  26.2  [167]
    Yb:YAG   1048   105.7   0.367  18.3  1930  [168]
    VECSEL   1030   1760   0.353  2.8  10.2  [169]
    Cr:forsterite   1240   74.65   0.094  /  230  [170]
    Cr:YAG   1516   85   0.091  /  107  [171]
    Tm:CLNGG   2018   99   0.729  /  60.2  [172]
    Tm:YAlO3   2023   71.8   10  3.7  268  [173]
    Tm:Lu2O3   2067   110   0.41  2.45  270  [174]
    Cr:ZnS   1220–2408   112.22   2.4  7.8  880  [175]
    Cr:ZnS   2370   46   0.87  15.5  700  [176]
    Cr:ZnS   2370   108   0.041  2.3  250  [177]
WS2   SAM   Yb:YAG   1057.5   86.7   0.736  /  270  [150]
MoS2   SAM   Nd:YVO4   1064.3   79.5   800  /  295  [178]
  Tm:LLF   1918   83.3   /  0.0415  583  [179]
BP   SAM   Yb,Lu:CALGO   1053.4   63.3   0.272  6.48  820  [180]
  Nd:YVO4   1064.1   140   6.1  3.29  /  [181]
MXene   SAM   Yb:KYW   1053.2   64.06   0.316  12  770  [182]
spaced by the resonator round-trip time. Typically, an 
intracavity loss modulator is used to collect the laser light 
in short pulses around the minimum of the loss modula-
tion with a period given by the cavity round-trip time. 
Generally, much shorter pulses with passive mode locking 
can be obtained using an SA because the recovery of the 
absorber can be very fast, resulting in fast loss modulation.
As described in Section 2.3, the interaction between 
2D materials and the laser beam is usually implemented in 
free space in the case of solid-state lasers. The SA is gener-
ally transferred directly onto the optical mirrors by deposi-
tion or spin-coating, forming a saturable absorption mirror 
(SAM), which is subsequently placed within the solid-state 
laser device to achieve mode-locking. A great deal of recent 
research effort has been directed toward the application of 
2D materials in lasers, since 2D-material-based solid-state 
laser initially came into being and this activity has since 
grown rapidly. Graphene and graphene-like materials have 
been widely studied in solid-state lasers as SAs. To date, 
numerous mode-locked solid-state lasers using layered 2D 
materials such as graphene, TIs, TMDs, BP, and MXenes 
have been reported, as summarized in Table 2.
It can be seen that these lasers have excellent perfor-
mance with respect to pulse width, repetition rate, and 
pulse energy. For example, researchers achieved femto-
second pulses from a mode-locked Cr2+:ZnS laser based on 
graphene [175], and their results are shown in Figure 8A–C. 
A Yb:YAG laser based on WS2 [150], a Nd:YVO4 laser based 
on BP [181], and a Yb:KYW laser based on MXene [182] have 
also been investigated, as shown in Figure 8D–L.
In order to extend the lasing wavelength of a pulsed 
solid-state laser, various gain media have been used, 
including Nd:YAG [164, 166], Yb:KGW [163], Nd:GdVO4 
[165], Cr:forsterite [170], Tm:YALO3 [173], Tm:CLNGG 
[172], Ti:sapphire [162], Tm:Lu2O3 [174], Cr:ZnS [175–177], 
Yb:GAGG [183], Cr:YAG [171], Nd:YVO4 [178, 181], Yb:YAG 
[150], Yb:CYA [167], Tm:MgW [184], and Yb,Lu:CALGO 
[180]. Mode-locked solid-state lasers have been demon-
strated beyond the 3-μm band. The various gain media 
and SA materials therefore provide a brand new approach 
for ultrafast solid-state laser research.
3.1.2   Q-switching operation
An SA may also produce Q-switching, where the laser 
emits bunches of mode-locked pulses, which may or 
may not have a stable Q-switching envelope. Q-switching 
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instabilities occur when the pulse energy temporarily 
increases because of noise fluctuations in the laser, which 
then further increases because of the stronger saturation 
of the SA. This is balanced by a stronger saturation of the 
gain. If the gain is not sufficiently saturated, then the pulse 
energy will increase further and self-Q-switching occurs.
In addition to their use in mode-locked lasers referred 
to above, layered materials have also been introduced into 
Figure 8: Mode-locked solid-state lasers with layered material-based SAs.
(A–C) Graphene. (A) Linear transmission and photo image of graphene SA (inset). (B) Optical spectrum. (C) Autocorrelation trace. 
Reproduced with permission from Ref. [175]. Copyright 2016, Optical Society of America. (D–F) WS2. (D) SEM image of WS2 film and image 
of the SiO2 substrate (inset). (E) Pulse train. (F) Autocorrelation trace. Reproduced with permission from Ref. [150]. Copyright 2015, Optical 
Society of America. (G–I) BP. (G) Raman spectrum of BP. (H) Autocorrelation trace and optical spectrum (inset). (I) RF spectrum and wide-
range RF spectrum (inset). Reproduced with permission from Ref. [181]. Copyright 2015, Optical Society of America. (J–L) MXene, Ti3C2Tx 
(T=O, OH, or F). (J) TEM of MXene. (H) Autocorrelation trace and optical spectrum (inset). (I) RF spectrum and wide-range RF spectrum (inset). 
Reproduced with permission from Ref. [182]. Copyright 2018, Optical Society of America.
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Q-switched solid-state lasers to obtain pulses of high peak 
power. It is well established that layered materials have SA 
properties and can be used to make Q-switchers. On the 
basis of this, researchers have successfully fabricated a 
graphene Q-switcher and applied it to solid-state lasers to 
achieve Q-switched pulses [185], as shown in Figure 9A–C. 
Subsequently, Q-switched solid-state lasers were also real-
ized using MoS2 [186] and a TI [18]. These earlier efforts 
have greatly promoted the subsequent development of 
layered materials in Q-switched solid-state lasers.
Compared to mode-locked solid-state lasers, 
Q-switched solid-state lasers have high pulse energy 
ranging from microjoules to millijoules. Moreover, these 
Q-switched lasers have several distinct characteristics. 
First, they cover a very wide wavelength range from the 
visible to near-infrared and mid-infrared, that is, 0.6–3 μm. 
Second, multi-wavelength output has been realized as 
well as single-wavelength operation. As can be seen from 
Table 3, multi-wavelength Q-switched lasers at 1, 2, and 3 
μm have appeared in recent years. Third, in order to com-
pensate for the shortcomings of a single approach, research-
ers have also developed a hybrid Q-switching scheme that 
combines the layered-material-based Q-switcher with an 
active Q-switcher. A summary of Q-switched solid-state 
lasers based on layered 2D materials, including graphene, 
TIs, TMDs, BP, and MXenes, is included in Table 3.
Compared to Q-switched solid-state lasers, mode-
locked solid-state lasers based on 2D materials are rela-
tively few. For this, there are some reasons. One reason is 
the photothermal effect caused by the coupling between 
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Figure 9: Q-switching solid-state lasers with layered material-based SAs.
(A–C) Graphene. (A) Experimental setup of Nd:YAG pulsed lasers based on graphene. (B) Output power versus incident pump power. (C) 
Repetition rate and pulse width versus incident pump power. Reproduced with permission from Ref. [185]. Copyright 2010, American 
Chemical Society. (D–F) MoS2. (D) Transmission spectra of the blank BK7 and MoS2-transferred BK7 glass substrates. (E) Single pulse profile 
of the Q-switched Nd:YAP laser and the pulse train (inset). (F) Evolution of the pulse repetition rate and the pulse width with the absorbed 
pump power. Reproduced with permission from Ref. [186]. Copyright 2014, Optical Society of America. (G–I) Bi2Se3. (G) TEM of Bi2Se3. (H) 
Optical spectrum. (I) Evolution of the pulse repetition rate and the pulse width with the absorbed pump power. Reproduced with permission 
from Ref. [18]. Copyright 2013. John Wiley and Sons.
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light and materials. As shown in Figure 3, 2D materials are 
normally transferred on a plain substrate when used in 
solid-state lasers, which makes it difficult to overcome the 
shortcomings due to the photothermal effect. When the 
photothermal effect accumulates, the SA gets irreparably 
damaged. This limits not only the ability to mode-lock but 
also the overall device performance. Another reason is that 
in the solid-state laser cavity it is difficult to adjust the dis-
persion in the absence of a prism pair and a chirped mirror. 
Normally, in order to ensure mode-locked pulsed operation 
by the SA device, unnecessary components should not be 
used in the cavity. On the contrary, Q-switched pulsed laser 
operation is relatively easily achieved, which is confirmed 
by the results provided in Table 3.
3.2   Fiber lasers
A fiber laser is a laser fabricated using a glass fiber doped 
with a rare-earth element as the gain medium. In the 
Table 3: Summary of Q-switched solid-state lasers based on layered 2D materials.
Layered 2D 
material
  Method   Gain medium   Central wavelength 
(nm)
  Rep. rate 
(kHz)
  Pulse 
width (ns)
  Pulse 
energy (μJ)
  Output 
power (mW)
  References
Graphene   SAM   Nd:YAG   1064  660  161  0.1592   105  [185]
    Yb:YAG   1032  285  522  0.65   185  [187]
    Nd, Mg:LiTaO3   1082/1092  133  176  2.75   365  [188]
    Nd:YAG   1123  46.8  1513.1  /   332  [189]
    Nd:GdVO4   1340  43  450  2.5   260  [190]
    Er:YAG   1645  35.6  2340  7.05   251  [191]
    Ho:YAG   1907  64  2600  9.3   264  [192]
    Tm:KLu(WO4)2   1948  190  285  1.6   310  [193]
    Tm:YAG   2011  27.9  2080  1.74   38  [194]
    Cr:ZnSe   2400  154  157  1.66   256  [195]
Graphene oxide  SAM   Nd:GdVO4   1063  704  105  3.2   2300  [196]
  Nd:YAG   1064  167  192  16.2   2700  [197]
  Nd:YAG   1064  92.9  523  /   /  [198]
Bi2Se3   SAM   Nd:GdVO4   1063  547  666  58.5 nJ   32  [18]
    Nd:YVO4   1066.6  135  0.25  0.56 nJ   /  [199]
    Nd:LiYF4   1313  161.3  0.433  1.23 nJ   /  [200]
    Tm:LuAG   2027  118  0.62  18.4 nJ   /  [201]
Bi2Te3   SAM   Yb:LuPO4   1014.5  1670  34  3 nJ   5020  [202]
    Tm:LuAG   2021.7  145.5  233  /   1740  [203]
MoS2   SAM   Yb:LuPO4   1020.8  429  83  4.8 nJ   /  [204]
    Nd:GdVO4   1902  48.09  2  2.08 nJ   /  [205]
    Tm:CLNGG   1979  110  6  0.72 nJ   /  [206]
    Er:Lu2O3   2840  121  0.335  8.5 nJ   /  [207]
WS2   SAM   Nd:YVO4   1064  135  2.3  0.145 nJ   /  [208]
    Nd:YVO4   1064  135  2300  0.145   19.6  [209]
    Nd:YVO4   1064  10  0.81  /   233  [210]
    Er:Y2O3   2710–2740  29.4  720  7.92   /  [211]
BP   SAM   Yb:CYA   1046  113.6  0.62  0.3257 nJ   /  [212]
    Er:YAG   1645  40  3.2  2.15   /  [213]
    Er:YAG   1645  40  2.9  2.4   /  [213]
    Nd:YVO4   1064.4  /  2.86  0.166   /  [214]
    Tm:YAP   1988  19.25  1.78  7.84 nJ   /  [215]
    Ho3+, Pr3+:LiLuF4  2950  158.7  0.1943  2.4 nJ   /  [216]
WSe2   SAM   Tm, Ho:LLF   2950  89.3  571  1.65   147  [217]
ReS2   SAM   Pr:YLF   640  520  160  /   52  [218]
    Nd:YAG   1064  644  139  /   120 
    Tm:YAP   1991  677  415  /   245 
SnSe2   SAM   Nd:YAG   1300  /  323  0.61   /  [219]
  Tm:YLF   1900  /  716  2.07   /
MoTe2   SAM   Tm:CaYAlO4   1941  70.9  690  10.58   750  [220]
PtSe2   SAM   Tm:YAP   1987  58  244  24.3   /  [221]
ReSe2   SAM   Er:YAP   2730/2800  244.6  202.8  2.2   /  [222]
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context of photonic devices for telecommunications and 
sensing, the fiber laser has seen significant development 
due to its excellent beam quality, high efficiency, capabil-
ity to rapidly radiate heat (due to miniature dimensions), 
compact structure, and high reliability. Fiber laser also 
has great development potential in industrial production 
and currently has a large market share [223]. In order to 
obtain the output pulses, two pulse-shaping mechanisms, 
namely mode-locking and Q-switching, are mostly used, 
which provides great opportunity for SA materials to be 
adopted in a pulse-shaping device. Over the past decade, 
SAs made of layered materials have been widely used in 
passively mode-locked/Q-switched lasers, and significant 
results have been achieved [106, 128, 147, 224–227]. In this 
section we give a brief review of the research history and 
recent achievements with respect to fiber lasers based on 
layered 2D materials.
3.2.1   Mode-locking operation
Graphene was initially studied as an SA to achieve an 
ultrafast fiber laser in 2009 by different groups from the 
Nanyang Technological University and Cambridge Uni-
versity [9, 13, 14, 228]. For example, large-energy pulse 
generation was observed in an erbium-doped fiber laser 
passively mode-locked with atomic layer graphene [14]. 
Stable mode-locked pulses with single pulse energy of up 
to 7.3 nJ and pulse width of 415 fs have been directly gener-
ated from the laser, as shown in Figure 10. Their findings 
suggest that graphene has SA properties, which can also 
be used for ultrafast optical applications. This indicated 
that grapheme forms the basis of an excellent pulse-shap-
ing device with a wide operation range and fast response 
due to its zero bandgap and ultrafast carrier dynamics 
[14]. In addition, compared to traditional SAs (SESAMs 
and CNTs), graphene does not require bandgap optimi-
zation and diameter or chiral adjustment, thus greatly 
simplifying the preparation process. With these advan-
tages, graphene and its derivatives, such as graphene 
oxide, reduced graphene oxide, and graphene composite 
materials, have been widely developed for uses in mode-
locked fiber lasers [9, 77, 85, 229–263]. A brief summary 
of mode-locked fiber lasers based on layered 2D materi-
als is included in Table 4. In terms of the performance of 
these mode-locked lasers based on graphene, some excit-
ing results have been obtained, including the minimum 
pulse width and maximum output power of 29 fs [296] 
and 174 mW [310], respectively. For TIs, the corresponding 
figures were 128 fs [329] and 45.3 mW [324], for TMDs they 
Figure 10: Mode-locked fiber lasers with graphene SA at the 1.55-μm region.
(A) Schematic of the fiber laser. (B). Raman spectra of the graphene film. (C) Optical spectrum. (D) Autocorrelation traces of the pulses. 
(E) Oscilloscope trace of the single pulse emission. Inset: pulse train of CW mode-locking in millisecond time scale. (F) Fundamental radio 
frequency (RF) spectrum of the laser output. Inset: wideband RF spectrum up to 100 MHz. Reproduced with permission from Ref. [14]. 
Copyright 2009, American Chemical Society.
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Table 4: Summary of mode-locked fiber lasers based on layered 2D materials.
Gain medium   Layered 2D 
material
  Method   Central wavelength 
(nm)
  Rep. rate 
(MHz)
  Pulse 
width (ps)
  Pulse 
energy (nJ)
  Output 
power (mW)
  References
YDF   Graphene   Sandwiched   1180  0.4   200 ns   /   /   [264]
  1035  16.29   6500   0.81   /   [265]
  1069.8  0.9   580   0.41   0.37   [266]
  Tapered fiber   1031.43/1034.94/ 
1038.43
  0.5515   74.6   6.4   3.53   [267]
  1061.8/1068.8  1.78   4.23   1.713   3.05   [268]
  Super-capacitor   1255  4.54   0.084   /   /   [255]
  Graphene oxide  Sandwiched   1029.5  /   190   /   /   [269]
  1064.9  2.99   520   159.4   147.8   [270]
  1029  /   191   /   539   [271]
  1056.5/1062.3/ 
1069.5
  14.2   /   /   /   [272]
  Bi2Se3   Sandwiched   1040  16   380   1.06   17.1   [273]
  Sandwiched   1031.7  44.6   47   0.756   /   [20]
  Bi2Te3   HC-PCF   1065.4  28.73   575.8   /   /   [274]
  Sb2Te3   D-shaped fiber   1036.7  19.28   5.3   /   4   [275]
  1065.3  19.28   5.9   0.81   /   [275]
  MoS2   Sandwiched   1054.3  6.58   800   /   9.3   [276]
  1029.78  22.44   13.8   1.54   34.6   [277]
  Microfiber   1042.6  6.74   656   /   2.37   [278]
  SnS2   Sandwiched   1062.66  39.33   656   /   2.23   [28]
  D-shaped fiber   1031  3.759554   282   /   /   [279]
  InS   Sandwiched   1033.3/1038.4  1.02   486.7   /   1.91   [280]
  PtS2   Sandwiched   1072  11.2   /   /   /   [281]
  WS2   D-shaped fiber   1052.45  23.26   0.713   1.29   /   [282]
  1063.6  630   5.57   13.6   /   [283]
  BP   Sandwiched   1085.5  13.5   7.54   /   80   [284]
  Microfiber   1064.4  16.77   51   1.13   18.9   [285]
  MoC2   Sandwiched   1061.8  3.23   418   /   /   [286]
  MXene   D-shaped fiber   1065.89  18.96   480   0.47   9   [106]
EDF   Graphene   Sandwiched   1565  42.8   0.19   0.09   0.4   [235]
      1560.5  2.22 GHz   0.9   /   9.6   [238]
      1557  114.1   0.57   /   /   [240]
      1532  5.27   0.85   /   /   [233]
      1566  6.22   0.88   /   /   [77]
      1559  19.9   0.463   /   /   [228]
      1555  27.4   0.174   0.044   1.2   [230]
      1570–1600  6.95   1.08   /   /   [287]
      1589.68  6.95   0.694   3   13.1 dBm   [13]
      1576.3  6.84   0.415   7.3   /   [14]
      1565  1.79   0.756   /   2   [9]
      1576  10.9   3.2   /   4.8 dBm   [231]
      1572.6  91.5   /   /   /   [234]
      1525–1559  8   1   0.125   1   [288]
      1570–1600  /   70   /   /   [289]
      1570–1600  1.5   49   2.3   /   [45]
      1564  19.3   0.87   0.0104   /   [265]
      1560  54.9   0.81   /   1   [290]
      1560  490   0.97   /   /   [291]
      1564  57.96   0.315   0.033   1.9   [292]
      1561  5.5   1.23   20   3   [237]
      1550  332.5   600   /   /   [293]
      1556–1560  46.126   0.57   0.0228   /   [294]
      1562  /   /   /   /   [295]
      1561.4  9.9   1   1   10.5   [256]
      1550  18.67   0.029   2.8   52   [296]
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Gain medium   Layered 2D 
material
  Method   Central wavelength 
(nm)
  Rep. rate 
(MHz)
  Pulse 
width (ps)
  Pulse 
energy (nJ)
  Output 
power (mW)
  References
      1560  28.5   1.027   0.24   2.9   [262]
      1557  48.14   0.216   /   1.3   [297]
      1545  21.15   0.088   0.071   1.5   [297]
      1560  25.8   0.364   2   15   [253]
      1574  /   0.33   /   /   [251]
      1560  8.22   1.12   /   /   [298]
      1533.4  8.4   0.9   1.38   11.63   [299]
      1556.1  9.1   0.94   1.57   14.27
    Microfiber   1565  33   0.494   /   /   [257]
      1545.5–1550  27   14   /   /   [241]
      1557.56  3.33   15.7   1.26   4.2   [264]
      1559  312.5   0.679   /   /   [300]
      1555  /   0.765   /   /   [301]
      1550  111.7   2.32   1.34   3   [302]
      1559.74/1560.54  100 GHz   1.63   /   /   [303]
      1550  /   3.5   /   /   [304]
      1531.3  1.89   1.21   /   0.45   [305]
      1530/1531.5/ 
1533/1534.5
  8.034   8.8   4.06   32.6   [306]
    D-shaped fiber   1561.6  6.99   1.3   7.25   /   [229]
      1560  14.64   0.78   /   /   [307]
      1558.2  4.77   1.07   3.08   /   [263]
      1607.7  37.7   0.377   /   /   [308]
      1557  12.29   0.256   /   /   [309]
      1565  16.99   13.8   10.2   174   [310]
      1563  11.53   0.713   /   /   [249]
    F-P cavity   1562  9.67 GHz   0.865   /   /   [239]
    PCF   1567.6  25   0.65   /   /   [311]
  Graphene oxide  Sandwiched   1560  /   0.7505   /   /   [269]
      1565.9  37.2   0.613   0.0223   0.83   [312]
      1561.8  62.2   0.735   /   0.82   [313]
      1559  40.15   0.9538   /   0.299   [314]
      1559.6  22.7   1.5   /   1   [250]
    Silica film   1558  58   0.39   0.0337   92   [244]
    PCF   1561.2  7.68   4850   0.56   4.3   [236]
    SAM   1531  19.5   11   1.2   23.3   [315]
      1555.92  48.2   0.502   /   2.7   [259]
  Reduced 
graphene oxide
  Microfiber   1564.6/1567.4  7.9   /   /   8   [316]
  Bi2Se3   Sandwiched   1557.5  12.5   0.66   /   1.8   [317]
      1547.6–1548.4/ 
1549.2–1550/ 
1551.4–1552.2
  8.95   30   1.12   /   [318]
      1567.2/1568/ 
1568.8/1569.2
  8.83   22   1.1   /   [319]
      1561.6/1562.1  3.54   13.6 ns   2.824   /   [320]
    SAM   1557–1565  1.21   1.57   /   /   [16]
    Microfiber   1560.88  3.125 
GHz
  1.754   4.5 pJ   6.4   [321]
  Bi2Te3   D-shape fiber   1547  15.11   0.543   /   /   [322]
    1555.9  773.85   0.63   /   1.4   [323]
    SAM   1554–1564  1.21   1.21   /   /   [15]
    Microfiber   1558.5  2.04 GHz   2.49   /   5.02   [17]
    1564.1  2.95 GHz   0.92   /   45.3   [324]
    559.4/1557.7  239/388   1.3   /   /   [22]
    Sandwiched   1557  8.635   1.08   /   0.25   [325]
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Table 4 (continued)
Gain medium   Layered 2D 
material
  Method   Central wavelength 
(nm)
  Rep. rate 
(MHz)
  Pulse 
width (ps)
  Pulse 
energy (nJ)
  Output 
power (mW)
  References
      1548–1570  10.71   4.5   2.8   /   [155]
  Sb2Te3   Sandwiched   1558.6  4.75   1.8   /   0.5   [326]
      1558.2  304   2.2   /   4.5   [327]
    D-shape fiber   1568.8  33.07   0.195   /   9   [328]
      1565  22.32   0.128   0.0448   /   [329]
      1558  25.38   0.167   0.21   .   [67]
    Microfiber   1561  34.5   0.27   /   1   [330]
  MoS2   Sandwiched   1568.9  8.288   1.28   /   5.1   [331]
      1569.5  12.09   0.71   /   1.78   [332]
      1557  15.67   581   0.613   9.6   [333]
    D-shaped fiber   1560  14.53   0.2   /   3   [334]
      1568  26.02   4.98   0.08   /   [335]
    Microfiber   1558  2.5 GHz   3   /   5.39   [336]
      1596  3.63   171   /   1.8   [337]
      1594  1.6077   1.65   /   0.35
      1595  1.3152   2.5   /   /
  WS2   Microfiber   1561  24.93   0.369   /   1.93   [338]
      1558.5  19.58   0.675   /   0.625   [339]
      1540  135   0.067   /   /   [340]
      1557  8.86   1.32   /   110   [24]
      1557  460.7   0.66   6.23   /   [151]
      1558.5/1566  8.83   0.585   1.14   /   [341]
      1568.55/1569  2.14   11   6.64   /   [342]
    Sandwiched   1568.3  0.487   1.49   /   62.5   [343]
  MoSe2   Sandwiched   1558.25  8.028   1.45   /   0.4   [344]
    D-shaped fiber   1557.3  3.27 GHz   0.688   /   22.8   [345]
  MoTe2   Sandwiched   1561  5.26   1.2   /   /   [346]
    Microfiber   1559.57  26.6   0.229   2.14   57   [347]
  WSe2   Microfiber   1556.42  14.02   0.477   /   /   [348]
  WTe2   D-shaped fiber   1556.2  13.98   0.77   /   0.04   [126]
  SnS2   Sandwiched   1560  29.6   152   0.48   14.2   [349]
      1536.7/1562.6  2.1   5.3   11.5   24.4   [157]
    D-shaped fiber   1561  4.397604   1.63   /   /   [279]
  ReS2   Sandwiched   1558  5.48   1.6   /   0.4   [124]
    Microfiber   1563.3  1.78   3.8   /   /   [350]
  In2Se3   Sandwiched   1532.5  0.5863   389.2 ns   20.4   11.96   [351]
    Microfiber   1565  40.9   0.276   2.03   83.2   [352]
  TiS2   Sandwiched   1569.5  5.34   1.04   5.05   /   [128]
    Microfiber   1563.3  22.7   0.812   25.3 pJ   /   [129]
  PtS2   Sandwiched   1572  15.04   2.1   /   1.1   [281]
  PtSe2   D-shaped fiber   1567.07  8.24   0.861   /   /   [353]
  Microfiber   1563  23.3   1.02   0.53   /   [354]
  BP   Sandwiched   1571.45  5.96   0.946   /   /   [354]
      1558.7  0.786   14.7   /   /   [32]
      1560.5  28.2   0.242   /   0.5   [355]
      1562  12.5   0.635   /   /   [356]
      1555  23.9   0.102   0.071   1.7   [357]
      1562  5.426   1.236   /   /   [358]
      1545–1579  60.5   0.28   /   /   [359]
      1557.2/1557.7/ 
1558.2
  1.65   9.41   /   /   [360]
      1533/1558  20.8   /   /   /   [361]
    Microfiber   1575.1  34.27   0.437   0.055   1.9   [285]
      1532–1570  4.69   0.94   /   5.6   [33]
      1569.24  60.5   280   /   /   [359]
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Table 4 (continued)
Gain medium   Layered 2D 
material
  Method   Central wavelength 
(nm)
  Rep. rate 
(MHz)
  Pulse 
width (ps)
  Pulse 
energy (nJ)
  Output 
power (mW)
  References
  MXene   D-shaped fiber   1557  15.4   0.66   /   0.05   [37]
  1555.01  7.28   159   0.041   3   [106]
TDF   Graphene   Sandwiched   1940  6.46   3.6   0.4   2   [362]
      1953.3  16.937   2.1   0.08   130   [363]
      1884  20.5   1.2   /   1.35   [364]
      1930.3  0.964   122   35.3   /   [365]
      1945  58.87   0.2   0.22   13   [366]
      2060  20.98   0.19   2.55   54   [367]
    D-shaped fiber   1910  19.31   0.773   6   115   [368]
    Microfiber   1880–1940  19.7   1.9   /   1.96   [369]
  Graphene 
Oxide
  Sandwiched   1961.6  27.37   1.36   /   /   [312]
  Bi2Te3   D-shaped fiber   1935  27.9   0.795   0.72   /   [370]
    Microfiber   1909.5  21.5   1.26   /   /   [21]
  MoS2   SAM   1905  9.67   843   15.5   /   [148]
  WS2   D-shaped fiber   1941  34.8   1.3   0.0172   /   [342]
  SnS2   D-shaped fiber   1910  1.987646   /   /   /   [279]
  WSe2   Microfiber   1886.22  11.36   1.18       [348]
  MoTe2   Microfiber   1934.85  15.37   1.3   13.8   212   [347]
      1930.22  14.353   0.952   2.56   36.7
  In2Se3   Microfiber   1932  15.8   1.02   7.1   112.4   [352]
  WTe2   Microfiber   1915.5  18.72   1.25   2.13   /   [91]
  WSe2   Microfiber   1863.96  11.36   1.16   /   32.5   [371]
  BP   Sandwiched   1910  36.8   0.739   0.0407   1.5   [35]
      2094  29.1   1.9   0.379   11   [372]
HDF   Graphene   Sandwiched   2066.8  38   1.97   1.2941   44   [373]
Er3+-ZBLAN   Graphene   Sandwiched   2784.5  25.4   42   0.7   100   [374]
  BP   SAM   2783  24   42   25.5   /   [375]
  3489  28.91   /   /   40   [376]
  Sandwiched   2771.1  27.4   /   /   /   [377]
Ho3+/Pr3+-
ZBLAN
  BP   SAM   2866.7  13.987   8.6   6.2   /   [377]
were 67 fs [340] and 212 mW [347], and for BP they were 
102 fs [357] and 80 mW [284], respectively.
In addition to its basic sandwiched structure, gra-
phene is well suited for integration with microstructured 
optical fibers (tapered fibers, side-polished fibers, or pho-
tonic crystal fibers) and all constitute effective methods 
to fabricate graphene mode-lockers. These developments 
have served to deepen the understanding of graphene 
and to encourage the development of mode-locked lasers. 
Nevertheless, graphene also shows some weaknesses 
in laser applications. For example, it is known that gra-
phene has no bandgap and its optical modulation depth 
is very weak (≈2.3%/layer), which limits its application 
in tunable operation and in situations requiring strong 
laser-material interaction [3, 70, 114, 378]. In order to find 
new layered 2D materials better than graphene, research-
ers have devoted a great deal of energy in exploring more 
new materials. As new layered graphene-like materials, 
TIs have been discovered with an energy band structure of 
symmetry Dirac cone due to their strong spin-or bit inter-
action, which implies that they can be developed into a 
new kind of SAs [18, 100]. TIs were also confirmed as pos-
sessing excellent nonlinear optical properties and were 
used as SAs for demonstrating the ultrafast fiber laser in 
2012 [15], as shown in Figure 11A–D.
TIs have a nonzero bandgap and a large modulation 
depth (up to 95%), which are beneficial for improving the 
performance of mode-locked fiber lasers. Various mode-
locked fiber lasers based on Tis, including Bi2Se3 [16, 20], 
Bi2Te3 [21, 110, 322], and Sb2Te3 [67, 147], have been devel-
oped, as shown in Table 4. These results indicate that, 
in addition to their established attractive electrical and 
thermal properties, TIs also have attractive application 
prospects for nonlinear photonics.
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TMDs represent a broad range of emerging nonlinear 
optical materials that cover a broad range of the transition-
metal elements. Layered TMDs possess a direct bandgap, 
making their nonlinear optical performance dramatically 
better than those of their bulk counterparts. The differ-
ent direct bandgap values of various TMDs mean that it 
is possible choose different TMDs to meet the specific 
demand of lasing wavelengths [114]. Among these materi-
als, layered MoS2 was first studied. In 2013, the SA behav-
ior of few-layer MoS2 was initially observed [102]. In 2014, 
another group of researchers identified its broadband SA 
properties and applied it to fiber lasers, realizing soliton 
mode-locking [276]. These findings have greatly promoted 
the development of few-layer MoS2 in mode-locked lasers, 
leading to significant progress in this area.
Layered WS2 also has a direct bandgap and exhib-
its excellent nonlinear optical properties. For example, 
researchers have demonstrated soliton mode-locked fiber 
lasers by transferring layered WS2 onto a D-shaped fiber, 
which uses the interaction between the evanescent field and 
WS2 to promote the nonlinear SA of WS2 [282], as shown in 
Figure 10E–H. Following the success of MoS2 and WS2, a wide 
range of layered TMD materials have emerged and have been 
investigated, including MoSe2 [68, 344, 379, 380], WSe2 [76, 
120, 153, 371], MoTe2 [220], WTe2 [91, 126, 127], SnS2 [28, 121, 
123, 349], SnSe2 [123], ReS2 [124], TiS2 [128], In2Se3 [381, 382], 
etc. They are also summarized in Table 4. It is worth noting 
that the number of layers (including oxidative and defective 
surfaces) of the layered TMDs does not degrade their SA per-
formance. For example, researchers have achieved a femto-
second mode-locked laser using SnS2, which has a bandgap 
of 2.4 eV [279]. These studies indicate that, as with graphene 
and TIs, TMDs represent significant and promising layered 
2D materials for mode-locked lasers.
It is abnormal that some 2D materials have been 
successfully incorporated into mode-locked fiber lasers 
whose central wavelengths are beyond the bandgap of 
these materials. Among the numerous 2D materials, SnS2 is 
selected to illustrate this abnormal optical phenomenon as 
a typical case because of its relatively large direct bandgap 
of 2.24 eV. SnS2 has been used to prove that mode-locked 
pulsed operation can be achieved from 1.0 to 2.0 μm [28, 
105, 330, 357]. For a 1.55-μm pulsed laser [105], the photon 
energy of the laser is about 0.8 eV, which is smaller than 
the bandgap of SnS2. The SA of SnS2 is, therefore, due not 
to the direct bandgap but to sub-bandgap absorption. It is 
Figure 11: Mode-locked fiber lasers with various SAs at the 1.55-μm region.
(A–D) Bi2Te3. (A) TEM images of the Bi2Te3. (B) Optical spectrum. (C) Autocorrelation traces. (D) Pulse train. Reproduced with permission 
from Ref. [15]. Copyright 2012, American Institute of Physics. (E–H) WS2. (E) Photograph of the D-shaped fiber coated with WS2. (F) Optical 
spectrum. (G) Autocorrelation traces. (H) RF spectrum. Reproduced with permission from Ref. [24]. Copyright 2015, Springer. (I–L) BP. (I) AFM 
image of transferred BP film on the fiber end. (J) Optical spectrum. (K) Autocorrelation traces. (L) RF spectrum and wide-range RF spectrum 
(inset). Reproduced with permission from Ref. [32]. Copyright 2015, Springer.
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widely known that no sub-bandgap absorption exists in 
perfect crystals. However, sub-bandgap absorption at low 
photon energy can be widely obtained, which is mostly 
due to the energy level within the bandgap arising from 
the edge states in a finite system. Sub-bandgap SA phe-
nomena have appeared in many reports on ultrafast fiber 
lasers based on WS2 [24, 322] and MoS2 [131] SAs. The SA of 
SnS2 and the experimental results obtained in this work 
have confirmed the existence of sub-bandgap absorption, 
which originates from atomic defects in SnS2.
Since 2014, BP, a new layered 2D material, has 
attracted worldwide attention primarily due to its 
narrow bandgap, which can bridge the void between 
zero-bandgap graphene and wide-bandgap TMDs. This 
development has important applications in the near- and 
mid-infrared range [29, 30, 383, 384] photonic devices. 
The bandgap of BP can be adjusted by the number of 
its layers, which offers great flexibility for many practi-
cal applications. The number of layers can be controlled 
according to the demand of the bandgap. Its lattice is 
composed of two atomic layers, each of which consists 
of a twisted chain of phosphorus atoms. This unique 
feature makes it easy for BP to combine with many 
atmospheric molecules and biomolecules, and hence it 
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Figure 12: Mode-locked fiber lasers with various SAs at the 1.0-μm region.
(A–C) Bi2Te3. (A) Solution of Bi2Te3. (B) Schematic of the fiber laser. (C) Optical spectrum. Reproduced with permission from Ref. [20]. 
Copyright 2014, Optical Society of America. (D–F) WS2. (D) Raman spectrum of WS2. (E) Optical spectrum. (F) Pulse profile. Reproduced with 
permission from Ref. [282]. Copyright 2015, Optical Society of America. (G–I) SnS2. (G) Schematic diagram of SDF; inset: crystal structure 
of monolayer SnS2. (H) Optical spectrum. (I) Autocorrelation traces. Reproduced with permission from Ref. [279]. Copyright 2017, American 
Institute of Physics.
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has a great potential for many application fields within 
physics, chemistry, biology, and energy [132, 385–387]. 
BP was initially identified as a viable ultrafast photonic 
material in 2015. Also, researchers found the SA charac-
teristics of BP in the wavelength range of 1.55 μm, and 
quickly applied it to pulsed fiber lasers [32], as shown 
in Figure 11I–L. This work has attracted great attention 
from many research groups and has resulted in many sig-
nificant findings [355–357], as shown in Table 4. These 
findings have not only enriched the understanding of 
the nonlinear optical properties of BP but also identi-
fied several suitable applications for it, which in turn 
have greatly promoted the simultaneous development of 
advanced materials and laser photonics.
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(A–C) Graphene. (A) Schematic of fiber laser. (B) Optical spectrum. (C) Autocorrelation traces. Reproduced with permission from Ref. [366]. 
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Figure 15: High-performance mode-locked fiber lasers with various SA.
(A–C) SnS2. (A) Raman spectrum of SnS2 and image of the SnS2-PVA film (inset). (B) Optical spectrum. (C) Autocorrelation traces. Reproduced 
with permission from Ref. [349]. Copyright 2019, The Japan Society of Applied Physics. (D–H) TI. (D) Optical spectra. (E) Pulse profile. (F) 
Multi-pulse state with three pulses. (G) The evolution of dissipative solitons pulse spectra with different pump powers. (H) Wavelength-
tunable optical spectra. Reproduced with permission from Ref. [155]. Copyright 2015, Optical Society of America.
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The Er-doped silica fiber laser is the most widely rec-
ognized and studied fiber laser. In addition to this, 1-, 2-, 
and 3-μm pulsed lasers using layered materials, such as 
graphene, TIs, TMDs, and BP, have also been successfully 
developed. For these mode-locked lasers, some exciting 
results have already been achieved. Some of these fiber 
lasers are shown in Figures 12–14, and these have strongly 
promoted the development of pulsed lasers operating at 
various wavelength regions and extended ultrafast pho-
tonics applications of layered 2D materials.
In addition to the achievements mentioned above, 
mode-locked fiber lasers based on layered materials have 
greatly improved in terms of pulse energy, repetition rate, 
and operation in the mid-infrared waveband. The sum of 
these individual improvements provides for a better under-
standing of potential future applications of layered materials 
in fiber lasers. For a long time, the realization of mode-locked 
lasers of high pulse energy has been a hot topic in the field 
of ultrafast photonics due to their potential applications in 
optical frequency measurement, optical sensing, and infor-
mation storage. To this end, researchers have proposed and 
developed several kinds of high-energy pulses, such as dis-
sipative solitons, self-similar pulses, rectangular pulses, and 
noise-like pulses. Among them, dissipative solitons have 
attracted special attention because their pulse energy may 
be several orders of magnitude higher than that of conven-
tional solitons. Thereafter, dissipative soliton fiber lasers 
using layered materials, including graphene [266, 270, 289, 
310, 316, 388], graphene oxide [20, 271, 315], TIs [67, 155, 275, 
329], MoS2 [335], WS2 [282, 283], and BP [389, 390] have been 
developed rapidly, and great progress has been made in 
pulse energy and pulse width. For example, stable dissipa-
tive soliton pulse train operation was successfully obtained 
using SnS2 as the SA as shown in Figure 15A–C [349]. Pulses 
of 152 fs were produced using 0.48 nJ of pulse energy in an 
all-fiber laser cavity following compression in a single-mode 
fiber. In 2015, researchers used few-layer Bi2Te3 flakes as an 
SA and generated stable dissipative soliton mode-locking 
with a 3-dB spectral bandwidth up to 51.62 nm and a tunable 
wavelength range of 22 nm as shown in Figure 15D–H [155]. 
These excellent achievements have promoted the develop-
ment of layered materials in high-performance laser pulses. 
Generally, different soliton states can be generated by manip-
ulating the cavity parameters, especially the cavity disper-
sion [337, 391]: conventional solitons are usually observed 
in the anomalous dispersion regime with typical Kelly side-
bands; dispersion-managed solitons appear with a smooth 
Gaussian-shaped spectral profile when the positive and 
negative dispersion components form a near-zero-dispersion 
laser cavity together; dissipative soliton operation is usually 
observed in fiber lasers with strong positive dispersion, 
which can be realized as the result of the balance between 
normal cavity dispersion, fiber nonlinearity, gain, loss, and 
spectral filtering.
3.2.2   Q-switched operation
Compared to mode-locked fiber laser operation, 
Q-switched operation in fiber lasers has significant advan-
tages if striving to obtain high peak power pulsed output. 
The excellent nonlinear optical properties of the novel 
layered 2D materials such as graphene, TIs, TMDs, BP, 
and MXenes make them excellent candidates for use as 
Q-switchers [95, 392]. Examples of successful implemen-
tations of Q-switched fiber lasers based on layered materi-
als including graphene [393, 394], TIs [19, 147], TMDs [68, 
124, 379, 395–397], BP [31, 69, 387, 398] and MXenes [37, 
399] have been obtained, as illustrated in Table 5. In terms 
of the performance of these mode-locked lasers based 
on graphene, some exciting results have been obtained, 
including minimum pulse width and maximum output 
power of 760 ns [436] and 1125  mW [440], respectively. 
For TMDs, the corresponding figures are 155 ns [429] and 
30.2 mW [104]. For BP, the minimum pulse width is 383 ns 
[444].
It can be seen that these lasers exhibit excellent per-
formance in terms of output power, pulse width, repeti-
tion rate, and peak power, which are not inferior to those 
of traditional lasers based on semiconductor SA mirrors 
and carbon nanotubes. For example, soon after BP had 
been used in the mode-locked fiber laser in 2015, research-
ers used it to obtain Q-switched pulses [31], as shown in 
Figure 16A–D. Subsequently, a novel implementation 
using TMDs of NiS2 was confirmed for use as a Q-switcher 
over a broad range with pulse widths of 237 and 505 ns. 
Outputs were obtained at the wavelengths 1561 and 
1915 nm [104], as shown in Figure 16E–H. MXene is also 
a typical novel layered 2D material. It was also confirmed 
that it could be used in fiber lasers to achieve a Q-switched 
pulse output [37], as shown in Figure 16I–K.
More importantly, Q-switched lasers based on 
layered 2D materials cover a wide wavelength range 
from the visible to near-infrared and mid-infrared. The 
gain medium comprises a wide range of active materi-
als including Pr, Yb, Er, and Tm as dopants. Q-switched 
fiber lasers have therefore been widely studied and, 
consequently, single-wavelength and multi-wavelength 
lasing have been achieved, as well as wavelength tuning. 
These efforts have injected vitality into the research of 
Q-switched fiber lasers and provided new opportunities 
for their commercialization.
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Table 5: Summary of Q-switched fiber lasers based on layered 2D materials.
Gain 
medium
  Layered 2D 
material
  Method   Central 
wavelength (nm)
  Rep. rate (kHz)  Pulse width 
(μs)
  Pulse 
energy (nJ)
  Average 
power (mW)
  References
YDF   Graphene   Sandwiched   1029–1037.4  3–3.9  39.8–56.1  10.3   10.3  [400]
  1066.83  5.93–20.03  3.1–15  5300   106.2  [401]
  SAM   1064.2  140–257  70  46   12  [394]
  Microfiber   1060  30.32–101.29  2.61–5.21  /   0.99  [402]
  Bi2Se3   Sandwiched   1060  8.3–29.1  1.95  17.9   /  [403]
  MoS2   Sandwiched   1066.5  6.4–28.9  5.8–17  32.6   /  [395]
  1030–1070  65.3–89  2.68–4.4  1.1   /  [404]
  WS2   Sandwiched   1030  24.9–36.7  3.2–6.4  13.6   /  [405]
  MoSe2   Sandwiched   1060  60–74.9  2.8–4.6  116   /  [379]
  BP   Microfiber   1064.7  26–76  2–5.5  /   1.4  [406]
EDF   Graphene   Sandwiched   1566.17/1566.35  3.3–65.9  3.7  16.7   1.1  [393]
  1522–1555  36–103  2  40   2.4  [407]
  1554–1560.23  2.8–63  2.5–51  72.5   4.57  [400]
  1519.3–1569.9  8.5–29.05  4.6  82.61   0.2225–2.4  [408]
  1564/1566  104–116  1.85–3.85  125   14.6  [409]
  1531.12/1556.79  12.6–26.5  8.2–26.5  70   /  [410]
  Graphene oxide   Sandwiched   15550–150  22–61  6.6–13.7  63.9   9.3  [411]
  Bi2Se3   Sandwiched   1545–1565  4.5–12.88  13.4–36  13.3   /  [412]
  1530  6.2–40.1  4.9  39.8   /  [413]
  1565  459–940  1.9–7.76  23.8   /  [414]
  1550.5  63.2–68.9  1.49–2.54  0.797   /  [415]
  Bi2Te3   Sandwiched   1510–1589  2.15–12.8  13–49  1525   /  [19]
  1550  31.54–49.4  3.7–5.2  125   5.5  [416]
  D-shaped fiber   1559.5  8.74–21.24  4.88–8.46  3.8   /  [417]
  1562.9  7.5–42.8  2.81–9.36  12.7   /  [418]
  MoS2   Sandwiched   1560  6.5–27  5.4–23.3  63.2   /  [395]
  1520–1568  10.6–34.5  5–9  160   /  [419]
  1550–1575  22  6–35  150   /  [420]
  1549.91  10.6–173.1  1.66–6.11  27.2   /  [421]
  1560.5  28.6–114.8  1.92–3.7  8.2   /  [422]
  1560  36.8–91.7  3.2–5.1  0.029   /  [423]
  1552  26.6–40.9  3.9–5.4  /   3.5  [424]
  1560  7.758–41.45  9.92–13.534  184.7   /  [68]
  SAM   1549.83  116–131  0.66–0.76  152   /  [425]
  WS2   Sandwiched   1527–1565  65.3–106.2  1.57–2.11  28.8   /  [426]
  1558  79–97  1.1–3.4  179.6   /  [405]
  1547.5  80–120  1–3.1  0.05   /  [427]
  1560  47–77.925  3.966–6.707  1179.4   /  [68]
  1559  16.15–60.88  2.39–7.6  195   9.5  [428]
  SAM   1560  29.5–367.8  0.155–1.27  68.5   /  [429]
  D-shaped fiber   1567.8  82–134  0.92–2.82  19   /  [430]
  MoSe2   Sandwiched   1566  26.5–35.4  4.8–7.9  825   /  [379]
  1560  60.72–66.85  4.04–6.506  365.9   /  [68]
  1558  64–122  1.53  140.7   17.16  [431]
  1557.6  47.5–105.7  1.09  224   23.2  [432]
  WSe2   Sandwiched   1560  46.28–85.36  4.063–9.182  484.8   /  [68]
  1562  77–242  1.2  110   26.7  [431]
  1560  4.5–49.6  3.1–7.9  33.2   1.23  [433]
  SnS2   Sandwiched   1532.7  172.3–233  510–1010  /   9.33  [122]
  NiS2   Sandwiched   1561.86  195.3–243.9  0.237  1.23   30.2  [104]
  ReSe2   Sandwiched   1566  16.64  4.98  36   /  [434]
  PtS2   Sandwiched   1568.8  24.6  4.2  45.6   1.1  [435]
TDF   Graphene   SAM   1957  103–252  0.76–1.4  0.38   96  [436]
  Graphene Oxide   Sandwiched   1950.27  33.5–83.2  1.1–1.5  0.877 mJ   /  [437]
  Microfiber   2032  20–45  3.8–9  6.71   302  [438]
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3.2.3   Nonlinear optical phenomenon in soliton shaping
Figure 16: Q-switching fiber lasers with various SAs.
(A–D) BP. (A) Pulse train. (B) Schematic of the fiber laser. (C) Optical spectrum. (D) Evolutions of the pulse repetition rate and the pulse width 
with absorbed pump power. Reproduced with permission from Ref. [31]. Copyright 2015, Optical Society of America. (E–H) NiS2. (E) Optical 
spectrum at 1.55 μm. (F) Evolutions of the pulse repetition rate and the pulse width with the absorbed pump power at 1.55 μm. (G) Optical 
spectrum at 2.0 μm. (H) Evolutions of the pulse repetition rate and the pulse width with the absorbed pump power at 2.0 μm. Reproduced 
with permission from Ref. [104]. Copyright 2019, Optical Society of America. (I–K) MXene. (I) Photo of the prepared side-polished fiber 
deposited with MXene. (J) Optical spectrum. (K) Evolutions of the pulse repetition rate and the pulse width with the absorbed pump power. 
Reproduced with permission from Ref. [37]. Copyright 2017, John Wiley and Sons.
Table 5 (continued)
Gain 
medium
  Layered 2D 
material
  Method   Central 
wavelength (nm)
  Rep. rate (kHz)  Pulse width 
(μs)
  Pulse 
energy (nJ)
  Average 
power (mW)
  References
  MoS2   Sandwiched   2030  33.6–48.1  1.76–2.5  1000   /  [395]
  MoSe2   Sandwiched   1924  14–21.8  5.5–16  42   /  [379]
  NiS2   Sandwiched   1915.5  182.6–214.7  0.505–1.14  1.32   28.4  [104]
Er-ZBLAN   Graphene   SAM   2783  7–37  2.9–7  1670   62  [439]
  BP   SAM   2779  39–63  1.18–2.1  7.7   /  [69]
Ho-ZBLAN   Graphene   D-shape fiber   1192.6  24–111  800–5730  440   1125  [440]
  Bi2Se3   SAM   2979.9  46–81.96  1.37–4.83  3.99   /  [441]
Pr-ZBLAN   MoS2   Sandwiched   602  50.8–118.4  0.602–1.955  5.5   /  [442]
  635.5  240.4–438.6  0.227  0.03   /  [443]
  WS2   Sandwiched   625.1  232.7–512.8  0.207  0.04   /  [443]
  604  67.3–127.9  0.435–1.101  6.4   /  [442]
  MoSe2   Sandwiched   635.4  357.1–555.1  0.24  0.02   /  [443]
  BP   Sandwiched   635.4  108.8–409.8  0.383–1.56  27.6   /  [444]
Dy-ZBLAN   BP   SAM   2970–3230  47–86  0.74–1.8  /   /  [445]
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In the previous two sections, we reviewed the applications 
of layered materials in mode-locked/Q-switched fiber lasers. 
For these lasers, the SA property of layered materials plays 
a key role. The Kerr nonlinearity is also very important in 
mode-locked fiber lasers, which has attracted great attention 
in the field of nonlinear optics. As described in Section 2.2, 
most layered materials show strong Kerr nonlinearity. Thus, 
if nonlinear optical devices based on layered materials are 
introduced into fiber lasers, it could also become a good plat-
form for the study of nonlinear optical phenomenon.
Since 2010, versatile soliton pulses, including con-
ventional solitons, dark solitons, and even rogue waves, 
have been observed in mode-locked fiber lasers based on 
layered materials such as graphene, TIs, TMDs, and BP. 
For example, researchers obtained bright-dark pulse pairs 
and noise-like pulses in the same fiber laser using Bi2Te3 as 
SA as shown in Figure 17A–D [446]. In 2018, bound-state 
soliton operation using MoS2 as SA was also demonstrated 
as shown in Figure 17E–H [333].
As mentioned previously, although nonlinear optical 
phenomena caused by layered 2D materials are many, 
researchers have not yet utilized their full potential. In 
order to obtain stronger nonlinear optical phenomena 
using layered 2D materials, a new method was proposed, 
combining such materials with microfiber structures, pri-
marily using the microfiber resonator, an approach that 
has yielded promising results. In 2018, researchers used 
a microfiber knot structure incorporating graphene as 
SA and successfully obtained a multi-wavelength spec-
trum in both Yb- and Er-doped fiber laser systems [447], 
as shown in Figure 18A–H. After that, a larger wavelength 
spectrum using a microfiber knot resonator incorporat-
ing WS2 as SA was obtained [448], as shown in Figure 
18I–L. Also a microfiber coil resonator incorporating BP 
has been successfully inserted into a Tm-doped fiber 
laser, thereby achieving an output spectrum contain-
ing 12 wavelengths [449], as shown in Figure 18M–P. The 
above developments have provided a new platform to 
maximize the optical nonlinearity of layered 2D materials 
and inject vitality into the research of high-nonlinearity 
phenomena and resulted in new opportunities for their 
commercialization. Multi-wavelength fiber lasers rep-
resent an important development in the context of laser 
applications. However, there remains a problem of how 
to maximize the nonlinearity of the material, which is the 
key to producing a larger number of wavelengths. In the 
above experiments, a new method was proposed, giving 
exciting results using 2D materials incorporating a micro-
fiber resonator. The results confirmed that the novel SA 
device enhanced the nonlinearity of the 2D materials, 
which resulted in improved laser performance. Figure 18 
shows the flat optical spectra, good pulse train, as well 
as an especially high consistency between the free spec-
tral response of the microfiber resonator and the channel 
spacing of the spectra. The compact size and easy fabri-
cation of the novel SA device provided a new solution to 
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Figure 17: Versatile soliton pulse generated with layered 2D materials.
(A–E) Bi2Te3. (A) Bright-dark pulse traces before (initial) and after (x-axis and y-axis) passing through PBS. (B) Bright-dark pulse optical spectra 
before (initial) and after (x-axis and y-axis) passing through PBS. (C) Pulse traces of fundamental noise-like pulses before (initial) and after 
(x-axis and y-axis) passing through the PBS. (D) Corresponding optical spectra (inset: autocorrelation trace of the total pulse). Reproduced 
with permission from Ref. [446]. Copyright 2016, Springer Nature. (E–H) MoS2 based bound-state soliton mode-locked fiber laser. (E) Optical 
spectrum. (F) Autocorrelation trace. (G) Bound-state pulse oscilloscope trace with a pump power of 307 mW. (H) Repetition rate and harmonic 
number under a different pump power. Reproduced with permission from Ref. [333]. Copyright 2018, Optical Society of America.
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making a novel fiber laser device that has low loss, is more 
compact, and has excellent output capability.
Numerous laser applications have been developed 
using 2D materials. For graphene, its zero bandgap can 
be an advantage, which has resulted in its use for a wide 
waveband. On the other hand, zero bandgap can also be a 
disadvantage because it results in low modulation depth. 
Compared to graphene, TIs normally have a large modula-
tion depth, which is highly beneficial for achieving pulsed 
laser operation. Apart from TIs, other widely studied 2D 
materials include layered TMDs. Their large family and 
direct bandgap make TMDs good potential candidate 
materials for use in optics and optoelectronic devices. 
Soon afterward, it was discovered that BP has a singu-
lar direct bandgap, which varies between 2 eV (single 
layer) and 0.3 eV (bulk) with the number of layers varying 
between the zero-bandgap graphene and the relatively 
large-bandgap TMDs, thus making up for the shortcom-
ings of these 2D materials in the field of photonics. As a 
whole, different 2D materials have different characteris-
tics, which allow them to attain excellent performance in 
different optical fields.
2D materials have some advantages over other tech-
nologies when used in laser applications. The first is their 
high nonlinearity, which means that 2D materials have 
great potential for use in many laser applications although 
Figure 18: Versatile multiwavelength fiber laser based on microfiber structure incorporating layered 2D materials.
(A–H) Graphene. (A) Schematic of the fiber laser. (B) Microscopy image of the graphene-deposited microfiber knot resonator.  
(C) Scattering evanescent field along the graphene-deposited microfiber knot resonator. (D) Spectral response. (E) Optical spectrum.  
(F) Autocorrelation trace. (G) Optical spectrum. (H) Autocorrelation trace. Reproduced with permission from Ref. [447]. Copyright 2018, 
Optical Society of America. (I–L) WS2. (I) Photograph of the WS2 device based on the microfiber knot. (J) Spectral response. (K) Optical 
spectrum. (L) Autocorrelation trace. Reproduced with permission from Ref. [448]. Copyright 2018, IEEE. (M–P) BP. (M) TMD of BP. (N) 
Schematic illustrations for the construction of the microfiber coil resonator incorporating BP (MCR-BP). (O) Spectral response. (P) Optical 
spectrum. Reproduced with permission from Ref. [449]. Copyright 2019, Elsevier.
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other materials also have nonlinearity [3, 18, 66, 114]. The 
second is the ease of fabrication. Numerous methods can 
be used to fabricate 2D materials, which are normally 
simple and cheap, which means 2D materials have a 
strong basis for future industrial production [73, 78]. The 
third is their compact size. Normally, SA devices require 
only a small piece of 2D material (related to Section 2.3), 
which makes them ideal for use in compact laser devices. 
2D materials still have some disadvantages, namely low 
damage threshold and difficulty in controlling their 
optical properties. The damage thresholds of graphene 
and graphene-like 2D materials are not high, which limits 
their use in high-power laser applications [3, 114]. If the 
power is too high, there is a risk of irreparable damage to 
the material. For the fabrication of 2D materials, a major 
challenge is that optical properties differ even if the same 
preparation method is used, i.e. lack of repeatability [75]. 
On the whole, 2D materials possess attractive qualities as 
well as some flaws. The goal is therefore to overcome these 
deficits through focused investigation of 2D materials.
4   Other photonics applications 
based on layered 2D materials
In recent years, optical modulators have attracted a 
great interest due to their wide applications in optical 
interconnection, environmental monitoring, medicine, 
and security. High nonlinearity plays an important role 
in modulator design. However, the widely used nonlinear 
optical materials, including chalcogenide glass and highly 
nonlinear optical fibers, have many limitations such as 
large absorption and scattering losses, small phase shift, 
and vulnerability to laser damage in optical modulators 
[70]. However, thanks to the large third-order nonlinearity 
and other excellent physical properties, including strong 
light-material interaction, broadband optical response, 
fast relaxation, controllable optical properties, and high 
compatibility with other photonic structures, layered 
materials may pave the way for the development of optical 
modulators [70].
2D materials were initially used in 2004, initiated 
by the discovery of atomic-layer graphene, thus launch-
ing investigations of 2D materials and their promising 
applications [70]. Graphene, owing to its highly attrac-
tive optical properties, including broadband nonlinear 
absorption, high mobility of carriers, and so on, can be 
considered an excellent candidate as an optical modula-
tion medium. Graphene was reported as being feasible 
for use in many aspects of optical signal processing and 
optical computing, including phase shifting [450, 451], 
optical switching [452, 453], wavelength conversion [454, 
455], and signal regeneration [456]. For example, in 2015, 
a graphene-based all-fiber phase shifter was designed and 
demonstrated, which could be optically controlled using 
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Figure 19: Optical modulation based on various layered 2D materials.
(A–C) Graphene. (A) Schematic diagram of the modulators. (B) Transmission. (C) Optical modulation. Reproduced with permission from  
Ref. [450]. Copyright 2015, Optical Society of America. (D–F) Graphene. (D, E) Schematic diagram of the modulators. (F) Switching pulse 
of all-optical modulation. Reproduced with permission from Ref. [451]. Copyright 2016, Optical Society of America. (G–J) MXene. (G) SEM 
image of the MXene flake. (H) Experimental setup of a four-wave mixing (FWM) all-optical wavelength converter. (I) Wavelength conversion. 
(J) Output FWM spectral evolution. Reproduced with permission from Ref. [40]. Copyright 2019, John Wiley and Sons.
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a low pump power [450], as shown in Figure 19A–C. Soon 
afterward, another group designed an all-optical, all-fiber, 
fast Mach-Zehnder interferometer modulator based on 
graphene, which had a relatively high modulation depth 
and overall transmittance [451]. It operated through opti-
cally induced phase modulation in the graphene incor-
porating a microfiber contained in one arm and relied 
on wave interference at the output of the Mach-Zehnder 
interferometer, as shown in Figure 19D–F. Nevertheless, 
graphene as an all-optical device is limited by its weak 
modulation depth and zero bandgap. Enlightened by the 
discovery of graphene, several types of graphene-like 2D 
materials have been reported: TIs, TMDs, BP, MXenes, 
and so on. For example, the MXene Ti3C2Tx, prepared 
using a liquid acid etching method, was developed as a 
novel all-optical device by depositing it on a microfiber, 
which showed excellent nonlinear optical properties in 
the telecommunication band. The fabricated device was 
employed as a wavelength converter based on nonlinear 
FWM with a conversion efficiency of –59 dB while carrying 
a 10-GHz signal, as shown in Figure 19G–J.
In addition to optical modulators, other optical 
devices including optical polarizers [457–460], optical 
filters [461], optical isolators [462, 463], optical switches 
[450, 464–466], optical parametric devices [467], light-
control-light devices [468], and even all-optical signal pro-
cessors [469, 470] have been widely studied. For example, 
a broadband polarizer based on graphene was developed 
to support transverse mode surface wave transmission 
in the visible and near-infrared bands [457], as shown in 
Figure 20. It should be pointed out that the development 
of these all-optical devices is relatively new, and much 
work remains to be done in this area.
To date, research in 2D material-based optical mod-
ulation has made great progress in almost all aspects, 
ranging from theoretical design to material preparation, 
integration techniques, and modulator configurations. 
Initial results have unambiguously indicated the great 
opportunities for using 2D materials for optical modu-
lation. However, past and current research has mostly 
focused on material properties and conceptualizing 
devices. For achieving practical applications, great chal-
lenges remain, which may in turn bring great opportu-
nities and become the new driving force in this field. 
Against this background, an actively Q-switched laser 
with an antimonene-based all-optical modulator has 
been devised based on the high photothermal efficiency 
(48%) and broadband response in antimonene [72]. It 
was demonstrated that this actively modulated laser is a 
device with all optically tunable output parameters (e.g. 
output repetition rate), environmental stability, and easy 
synchronization, as shown in Figure 21. It is anticipated 
that this active antimonene-based all-optical modulator 
with its advantages of large modulation depth, low energy 
consumption, and high conversion efficiency has great 
potential in all-optical information processing and pulsed 
Figure 20: Broadband graphene polarizer.
(A) Schematic model of fiber-to-graphene coupler based on a side-polished optical fiber. LG, propagation distance. (B) Optical image of the 
microfiber and microfiber incorporating graphene. (C) Polarized diagram of the laser beam along s and p polarization. (D) Polar diagram at 
488 and 532 nm, respectively. (E) Polar diagram at 980 and 1550 nm, respectively. Reproduced with permission from Ref. [457]. Copyright 
2011, Springer Nature.
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laser engineering. This achievement may lead to further 
applications of the excellent nonlinear optical properties 
of layered 2D materials, making it possible to combine 
multiple nonlinear optical devices.
5   Conclusions and outlook
Since the advent of graphene, the development of layered 
2D materials has accelerated rapidly. To date, 2D mate-
rial-based optical modulation has made great progress 
in almost all aspects, ranging from theoretical design to 
material preparation, integration techniques, and pulsed 
laser and modulator configurations. Research related to 
layered 2D materials has correspondingly grown rapidly in 
the field of nonlinear photonics. This is due to the continu-
ous innovation in material preparation technology, which 
has also improved the general properties of the layered 2D 
materials, especially their optical nonlinearity. It is widely 
acknowledged that the development of layered 2D materi-
als alone cannot provide all the solutions to the develop-
ment of pulsed laser and nonlinear photonics devices, but 
their development and implementation have made a major 
contribution in moving them forward toward commercial 
devices. The important position and application of layered 
2D materials in the optical field have been identified and 
thoroughly reviewed. The research and development is 
also in keeping with the current trend of interdisciplinary 
scientific research. However, for full implementation in 
practical applications, great challenges remain, which 
may, however, create great opportunities and become the 
new driving force in this field.
To date, novel 2D materials have made significant 
contributions to the area of nonlinear photonics applica-
tions due mainly to the unremitting efforts of scientific 
researchers [169, 172, 201, 254, 322, 324, 332, 358, 359, 373, 
381]. However, the greatest remaining challenge is indus-
trialization or commercialization of the technology. The 
nonlinear optical characteristics of 2D materials have a 
major influence in the performance of lasers and optical 
modulators. If SAs or other modulator devices based on 
2D materials exhibit uniform characteristics as in the case 
of SESAM, industrialization and commercialization could 
become a reality, which will have an incalculable impact 
on the research and application of 2D materials. Other 
challenges remain, including overcoming the photother-
mal effect caused by the interaction between light and 
the materials. Some methods have been investigated to 
overcome the photothermal effect [33, 303, 339, 447, 448, 
458, 471], but SAs or other modulator devices based on 2D 
materials continue to be exposed to the risk of destruction. 
It is therefore important to discover new ways to overcome 
this shortcoming.
As an outlook and a brief summary of this article, 
some of the important future directions in this field are 
as follows:
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 – The performance of pulsed lasers based on the layered 
2D materials continues to improve. Numerous experi-
mental results have proved that high pulse energy and 
high peak power can be achieved in both solid-state 
lasers and fiber lasers based on 2D materials. One goal 
for the future is to reduce the pulse width for high peak 
power generation. Specific methods may include opti-
mizing the 2D material fabrication methods and adopt-
ing an integrated approach, improvement in the design 
of the laser cavity, and loss reduction. Another goal is 
a deep investigation into the mode-locked/Q-switched 
lasers in the ultraviolet and 2.7–4-μm wavebands, 
which are very important for the national defense and 
industrial production. In the above wavebands, there is 
a lack of studies on 2D material-based lasers. It is pre-
dictable that the research of mode-locked/Q-switched 
lasers in the ultraviolet and 2.7–4 μm wavebands will 
become an important topic in the future.
 – More nonlinear optical phenomena, including multi-
soliton molecules and rogue waves, may be discovered 
and well explained in the case of fiber lasers based on 
2D materials. Optical nonlinearity of 2D materials is 
the basis of all nonlinear phenomena in fiber lasers. It 
is therefore important to further investigate the optical 
nonlinearity of 2D materials. Multi-soliton molecules 
and rogue waves are typical nonlinear phenomena in 
fiber lasers. However, the related investigation and 
explanation are currently lacking. The study of non-
linear optical phenomena in fiber lasers will therefore 
be of great benefit for the understanding of optical 
nonlinearity of 2D materials.
 – The exploration of new mechanisms and configura-
tions should continue for 2D material-based optical 
modulation, such as mechanically or magnetically 
induced effects. To date, numerous optical modulation 
devices have been studied. In the future, the explora-
tion of new high-efficiency devices based on 2D mate-
rials will become significant. Mechanical devices have 
access to a wide range of application fields including 
magnetically induced devices, which is a rapidly devel-
oping application area. It is predicted that mechanical 
and magnetic devices based on 2D materials have sig-
nificant potential for future investigations.
 – It is envisaged that novel 2D materials will continue 
to be synthesized, and exploring their nonlinear opti-
cal properties and related device applications will be 
major topics for future investigations. The discovered 
2D materials offer many new opportunities in inter-
disciplinary research between materials science and 
photonics. Many aspects and properties of emerging 
2D materials therefore require further study.
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